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The ^He(a, 7 )^Be reaction affects not only the production of ^Li in Big Bang nucleosynthesis, but 
also the fluxes of ^Be and ®B neutrinos from the Sun. This double role is exploited here to constrain 
the former by the latter. A number of recent experiments on ®He(a, 7 )^Be provide precise cross 
section data a.t E = 0.5-1.0 MeV center-of-mass energy. However, there is a scarcity of precise data 
at Big Bang energies, 0.1-0.5 MeV, and below. This problem can be alleviated, based on precisely 
calibrated ^Be and ®B neutrino fluxes from the Sun that are now available, assuming the neutrino 
flavour oscillation framework to be correct. These fluxes and the standard solar model are used 
here to determine the ®He(a, 7 )^Be astrophysical S-factor at the solar Gamow peak, 534(2315 keV) 

= 0.548±0.054 keVb. This new data point is then included in a re-evaluation of the ^He(a, 7 )^Be 
S-factor at Big Bang energies, following an approach recently developed for this reaction in the 
context of solar fusion studies. The re-evaluated S-factor curve is then used to re-determine the 
^He(a, 7 )^Be thermonuclear reaction rate at Big Bang energies. The predicted primordial lithium 
abundance is ^Li/H = 5.0 far higher than the Spite plateau. 

PACS numbers: 26.35.+C, 26.65.+t, 98.80.Ft 


I. INTRODUCTION 


The prediction of the light element abundances in Big 
Bang nucleosynthesis (BBN) is a pillar of modern cos¬ 
mology. The consistent description of abundances over 
ten orders of magnitude can be considered as a big 
success. Latest data on the cosmic microwave back¬ 
ground obtained by the Planck mission fix the baryon 
density and thus the baryon-photon ratio ij [T]. How¬ 
ever, there is still a puzzling disagreement between the 
observed abundance of ^Li in metal poor stars of ^Li/H 
= (1.6±0.3) X10“^° P] and the prediction from BBN of 
^Li/H = (4.95±0.39)xl0-i° [3]. For a recent review of 
the lithium problem, see Ref. [1]. 

The production of ^Li in BBN depends on thermonu¬ 
clear reaction rates NA{cfv), in particular that of the 
^He(a,7)^Be reaction called hereafter R 34 . The ther¬ 
monuclear reaction rate R 34 , in turn, depends on the 
^He(a,7)^Be cross section a 34 {E) and on the temper¬ 
ature T prevalent in the astrophysical scenario under 
study: 


R34 = Na{(Jv) 34 {T) = 

00 

0 

with E the center-of-mass energy and ^ = m 3 m 4 f{m 3 -\- 
TO4) the reduced mass of the two reaction partners ^He 
and "^He. 

At astrophysical energies, the cross section 0-34(£1) ex¬ 
hibits an exponential-like energy dependence and can 
be parameterized as the astrophysical S-factor 534 (£1) 
which varies only very slowly with energy in the case of 
^He(a,7)^Be [5]. The S-factor is defined by the following 


equation: 
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where Z^Z^^ is the product of the nuclear charges of 
the two reacting nuclei. Inserting Eq. ([^ in Eq. 0, it 
follows: 
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The exponential term is the so-called Gamow peak. The 
first term inside the exponential function forms the high- 
energy edge of the Gamow peak, given by the exponential 
decrease of the Maxwell-Boltzmann energy distribution. 
The second term forms the low-energy edge, given by 
the exponential-like decrease of the cross section. The 
energy range of this peak indicates where S 34 {E) must be 
integrated in order to obtain the thermonuclear reaction 
rate. 

In the case of BBN, the S-factor must be known over 
a wide range in center-of-mass energies E. This range is 
estimated here by measuring the effect of a small change 
in the assumed S-factor at one given energy on the final 
^Li abundance at the end of BBN, following the approach 
of Nollett and Buries [5]. The relevant energy range is 
found to be £1 = 0.1-0.5 MeV (Fig. [^, consistent with 
the previous result by Ref. [5]. Subsequently, also the 
relevant temperature range for ^Be production in BBN 
is determined by arbitrarily setting R 34 to zero above a 
certain temperature, resulting in T9=0.30-0.65, if a rele¬ 
vant effect is defined as a 2.5% contribution on the ^Be 
yield. When converting these temperatures to Gamow 
energies, the resultant relevant energy range is consis¬ 
tent with the one based on the Nollett and Buries [6] 
approach, adopted here. 
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proach and errors described in sections [III| and IV respec¬ 
tively, S'34(£^Samow) is determined, limiting the use of the 
solar neutrino data to its strict range of applicability, the 
temperature range of the solar Gamow peak (sec. VA|. 
Subsequently, the new data point is included in a re- 
evaluation of the ^He(Q;, 7 )^Be S-factor at Big Bang en¬ 
ergies (sec. VB). The predicted lithium abundance from 
BBN is subsequently upd ated (sec. VI), and a summary 
and outlook are given (sec. VB). In the appendix, the re¬ 
action rate is given both in parameterized and in tabular 
forms. 


II. INPUT DATA 


FIG. 1: Cross section of the ®He(a, 7 )^Be reaction, parameter¬ 
ized as the astrophysical 5-factor. The present new data point 
(sec. is plotted together with previous experimental data 
EHiar The previous theoretical curve (dashed blue curve, 
m ), and the present new extrapolation (red curve, shaded 
area for the uncertainty) are shown. The solar Gamow peak 
and the relevant energy range for BBN (see text) are displayed 
at the lower end of the plot. 

A number of recent S 34 (E) determinations are avail¬ 
able at E > 0.3MeV [7HT^. allowing to form a weighted 
average and judge the precision of the recommended 
value (Fig.[^. Bowever, this abundance of recent exper¬ 
imental data covers only the upper third of the relevant 
energy range. At lower energy, the exceedingly low cross 
section is a challenge for experimentalists. As a conse¬ 
quence, recent data for E < 0.3 MeV are available only 
from one experiment [T3], performed at the LUNA accel¬ 
erator deep underground in the Gran Sasso laboratory, 
Italy. 

It should be noted that 5*34 (A) data reported in the 
period from the 1950s to the 1980s [mSD] are omitted 
from the present discussion, following the approach of a 
recent review [ 5 ] . These data are usually less well 

documented than the more recent works [MS] and have 
larger error bars. 

The scarcity of recent low-energy S 34 (E) is addressed 
here based on the fact that actually the Gamow peak 
is rather narrow for low temperatures (see the solar 
Gamow peak in Fig. B. Bere, S 34 (E^ll^^^) is deter¬ 
mined from NA{av) 34 (T^™). The latest solar neutrino 
and cosmological data are used. The additional low- 
energy data point is used to re-determine the primordial 
lithium abundance. 

A related idea has previously been explored by Gy- 
burt et al. a decade ago |22|- That work was based on 
the neutrino data available at the time from the Sud¬ 
bury Neutrino Observatory (SNO), and on the WMAP 
cosmological survey. 

The present work uses newly available cross section, 
solar neutrino, microwave background, and neutron life¬ 
time data, which are summarized in sec.[^ Using an ap¬ 


The Sudbury Neutrino Observatory (SNO) reports a 
®B solar neutrino flux of 

= 5.25 ±0.16 (stat)^Q :[3 (sys) x 10®cm“^s“^ 

taking into account the loss in the amount of electron 
neutrinos due to the mixing among the neutrino fami¬ 
lies US). This is equivalent to 3.9% precision (systemati¬ 
cal and statistical uncertainties combined in quadrature) 
and consistent with the determination made by Super- 
Kamiokande [24] . 

The flux of ^Be neutrinos was measured by BOREX- 
INO [2S], resulting in a value of 

= 4.75t°:26 X lO^cm-'s-i 

with 5.5% total uncertainty. 

The value for the baryonic density found by the Planck 
mission [T] is 

= 0.02205 ± 0.00028 

This parameter is an important input for BBN calcu¬ 
lations, in addition to the thermonuclear reaction rates 
of the relevant nuclear reactions. The lifetime of the 
neutron has only a weak effect on Big Bang ^Li. For 
the present work, the recently recommended value of 
Tn = 880.3 ± 1.1 s [ 2 ] is used for consistency. Bowever, 
different values from 878-885 s change the final ^Li abun¬ 
dance only slightly. 

III. DESCRIPTION OF THE APPROACH 

In this work, no solar model calculations are per¬ 
formed. Instead, the so-called standard solar model de¬ 
veloped by John Bahcall and co-workers is used, here¬ 
after called SSM. The partial derivatives for the various 
SSM input parameters are available in tabulated form in 
the most recent SSM publication by Serenelli et al. |26j . 
Henceforth, the terminology and numbers from this work 
are used. 

The SSM uses a number of input parameters, including 
the solar age, luminosity, opacity, diffusion rate, the key 
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thermonuclear reaction rates (herein called where i 
denotes the nuclear reaction under study), and the zero- 
age abundance of important elements (He, C, N, O, Ne, 
Mg, Si, S, Ar, Fe). A change in one or several of these 
input parameters may cause a change in the predicted 
neutrino fluxes. The sensitivity of flux (j)i for a variation 
in an arbitrary parameter /3j can be expressed by the log¬ 
arithmic partial derivatives a{i,j) given by the following 
relation: 


dln[f5j 



(4) 


where and represent the best theoretical val¬ 

ues from the SSM. In the present work, the derivatives 
from Ref. are used (Table |l|. The above defined log¬ 
arithmic partial derivatives can be used to approximate 
relatively small changes in the neutrino flux as a simple 
power law: 


4^i 

0SSM 



The parameter of interest in the present work is the S- 
factor of the ^He(Q!, 7 )^Be reaction, here denoted as S' 34 . 
This nuclear reaction is located at the beginning of the 
pp-2 and pp-3 branches of the pp-chain of hydrogen burn¬ 
ing, and thus the value of S '34 strongly affects the ^Be and 
®B neutrino fluxes, which is reflected in partial deriva¬ 
tives that are close to unity: a{Be, S 34 ) « a(H, S 34 ) « 
0 . 8 . 

Now, by fixing all parameters except for R 34 at their 
SSM best-fit value, Eq. ([^ is shortened to: 


,exp 

^Be 


^SSM 


A34 ) 
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( 6 ) 


when using the experimental flux of ^Be neutrinos ■ 
An analogous relation is obtained based on the ®B neu¬ 
trino flux ■ Both numbers can be found in sec. ^ 

Solving for the thermonuclear reaction rate 
the following relations are obtained: 


II 




-^34 — 

( <^B " ' 




(7) 

( 8 ) 


The nuclear reaction rate R 34 used for Equations ( 6][8 


applies to a certain range of temperatures. The emission 
of ^Be neutrinos is known to originate from a narrow 
burning zone at the center of the Sun, at radii below 
O.15i?0 (where Rq is the the solar radius), with a tem¬ 
perature Tg = 0.011-0.016, close to the nominal central 
temperature. The ®B neutrino emission originates from 
an even narrower burning zone, below O.lOi? 0 . There¬ 
fore, it can be assumed that to good approximation the 


Parameter 

a(Be, j) 

^(%) 

a(B,i) 

^(%) 

Luminosity 

3.434 

1.4 

6.914 

2.8 

Opacity 

1.210 

3.0 

2.611 

6.5 

Age 

0.760 

0.3 

1.345 

0.6 

Diffusion 

0.126 

1.9 

0.267 

4.0 

All - p-fp 

-1.024 

1.0 

-2.651 

2.6 

R 33 - ^He -t’^He 

-0.428 

2.2 

-0.405 

2.1 

R 34 - ^He -b'‘He 

0.853 

(4.6) 

0.806 

(4.3) 

Ri7 ~ P +^Be 

- 

- 

1.000 

7.7 

Re? - e -b^Be 

- 

- 

-1.000 

2.0 

Composition* 

- 

4.6 

- 

9.7 

Total uncertainty 


6.5 


15.3 


TABLE I: Logarithmic partial derivatives Q:(Be,j) and 
a(B,j), as defined by Eq. Q and their contributions to the 
total uncertainty of the predicted SSM flux. Values and uncer¬ 
tainties are taken from [26], except for the solar composition 
(see text). See sec. |lV|for details. 


relevant temperature for the ^He(a, 7 )^Be reaction is the 
central temperature of the Sun, Tg = 0.016. Thus, equa- 
( 6 ][ 8 ) apply to the nuclear reaction rate in the en- 


tions 


ergy range of the solar Gamow peak (fig.[^. The value of 
the reaction rate at energies that lie outside the Gamow 
peak does not affect solar fusion. 


IV. ERROR ANALYSIS 

Table |T] lists the most important logarithmic partial 
derivatives a(Be/B,j) discussed here. In addition, the 
Table lists the contribution of each parameter to the SSM 
error budget. Values and errors are taken from the most 
recent SSM paper by Serenelli et al. |26j . Two parame¬ 
ters merit a more detailed discussion: 

First, the elemental composition of the Sun. It has 
undergone a significant revision from the GS98 m to 
the AGSS09 [28] abundance compilations. The de¬ 
termination of the abundance of a given element re¬ 
quires the modelling of the related absorption lines 
in the solar spectrum thus modelling the solar atmo¬ 
sphere. In the time interval from 1998 to 2005/2009, 
the modeling of the solar atmosphere was updated from 
a one-dimensional, time-independent, hydrostatic |27j 
to a three-dimensional, time-dependent hydrodynamical 
model [28] . 

The adoption of three-dimensional modeling in 
AGSS09 led to a significant downward reduction of the 
abundances of the so-called ’’metals”, the name given 
in solar physics to all elements that are heavier than 
helium. The mass fraction Z for ’’metals” in the Sun 
changed from 0.0169 [17j to 0.0134 [55]. The carbon and 
nitrogen abundances decreased by 19%, and the oxygen 
abundance even by 28% from GS98 to AGSS09. 

These significant revisions in the abundances of impor- 
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Elemental comp. 

0("Be ) 

0(®B) 

Ref. 

GS98 [37] 

5.00 

5.58 

m 

AGSS09 [28] 

4.56 

4.59 

m 

Average 

4.78 ± 0.22 

5.09 ± 0 

.49 This work 


TABLE II: Predicted solar neutrino fluxes from the SSM 
for two different elemental abundances, taken from [^. The 
average adopted here includes both results with its error bar. 


Reference 

534 ( 0 ) [keV b] Inflation factor 

Weizmann [7| 

0.538±0.015 

1.00 

LUNA [Ml ED [32] 

0.550±0.017 

1.06 

Seattle [8] 

0.598±0.019 

1.15 

ERNA [9] 

0.582±0.029 

1.03 

Notre Dame [T3] 

0.593±0.048 

1.00 

Present work 

0.556±0.055 

1.00 

Combined result 

0.561±0.011 

1.32 


tant elements lead to a contradiction between SSM pre¬ 
dictions and helioseismological observations [29], when 
the new abundances are incorporated in the SSM. For 
the present purposes, the problem of the elemental abun¬ 
dances must be set aside. This is accomplished by adopt¬ 
ing the average of the two different SSM predictions 
(the first one based on GS98, the second one based on 
AGSS09) as value and half the difference as uncertainty 
(Table 0 - In this manner, within their error bars the 
present conclusions apply to both the GS98 and AGSS09 
elemental abundances. 

Second, the astrophysical reaction rate of the 
^He(a, 7 )^Be reaction, i? 34 . The value of A 34 taken in the 
SSM calculations followed here [26] is the recommended 
curve by the ’’Solar Fusion cross sections 11” review [5]. 
However, in order to avoid double counting, the uncer¬ 
tainty of i ?34 is left out when computing the total un¬ 
certainty (Table |T|. Instead, this parameter and its un¬ 
certainty are re-determined here based on all the other 
parameters. 

With these two modifications, the total uncertainty of 
the flux prediction is 6.5% for and 15.3% for 
If one were to select just one of the two solar elemental 
compositions and its uncertainty, the total error budget 
would decrease to 4.5% and 11.9%, respectively. 

The thermonuclear reaction rate i ?34 is directly pro¬ 
portional to the astrophysical S-factor 534 (Eq. in the 
relevant energy range. Therefore, the relative errors de¬ 
rived for i ?34 have to be used also for 5 ' 34 . 


TABLE III: Determination of S'34(0) from recent experimen¬ 
tal data, using Eq. (11 1 as fit function. See text for details. 


are common to both data points are from factors such as 
the elemental abundances that affect both the ^Be and 
®B fluxes in the same direction, and at the same time 
affect the ®B-based result more strongly than the ^Be- 
based one. Therefore, an averaging of the two numbers 
actually leads to a higher total uncertainty than the error 
bar of the ^Be-based value. Therefore, 534 ® (23^5 keV) is 
adopted as the final result here. 

The 5'34 ®(23t5 keV) value confirms that the shape of 
the ” Solar Fusion 11” recommended S-factor curve is cor¬ 
rect at low energy (Fig.j^. The present new value cannot 
be directly compared to the theory curve by Neff, which 
does not extend to such low energies for numerical rea¬ 
sons pT] . 


B. Combined fit of S '34 for BBN purposes 

As a next step, the combined analysis of all experimen¬ 
tal data points is carried out, repeating the approach of 
’’Solar Fusion 11” but adding the present new neutrino- 
based data point and the new data set from Notre Dame 
that became available in the meantime [ 12 ] • The same 
analytical function as in ’’Solar Fusion II” is again used 
here, namely 


V. S-FACTOR RESULT 

A. Determination of S '34 at the solar Gamow peak 

Using Eqns. (Uli: the astrophysical S-factor is now 
determined here. For the ’’Solar Fusion 11” S- 

factor parameterization [^ has been used, therefore the 
new S-factor is found by rescaling the value of this pa¬ 
rameterization at the solar Gamow peak energy: 

S3f®(23;^keV) = 0.548 ± 0.054 keV b (9) 
53 ^( 23 ;^ keV) = 0.58 ± 0.11 keV b (10) 

The two data points are in good agreement with each 
other. Most of the contributions to the error budget that 


S 34 (A) = 534 ( 0 ) exp(-0.580F;) 

(1 - 0.4054£;2 -k 0.577F;® - 0.1353E‘‘) (11) 

The curve is based on the microscopic model by Nollett 
(Kim A potential) [33] and was already previously used 
for fitting the experimental data [5]. A previous similar 
fit with the alternative microscopic model by Kajino |34] 
gave consistent results. See Ref. [S] for more details on 
those two models and the fitting approach. In the present 
work, only eq. (11), based on Ref. [33], is used. All the 


experimental data |7lM [T31[T31 present] lie near this curve 

(fig-0- 

For the analysis, each experimental data set [zHsida 
[T31 present] is fitted with the analytical function (11) 
in the energy range 0< E <1.002 MeV, and a value of 
534 ( 0 ) is then found for this particular data set. The 
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data from Madrid and from ATOMKI [TUI [H] are ex¬ 
cluded, because for those two cases all of the data points 
fall outside the energy range of applicability of Eq. (11). 
However, these data [iniiii] are in good agreement with 
other data sets which include data points both in the 
Madrid/ATOMKI energy range and in the range of appli¬ 
cability of the fit BM- Therefore, no bias is introduced 
by the necessary omission of Refs. [iniin]. For each fit¬ 
ted data set, an inflation factor is determined from the 
goodness of the fit to the data, again following Ref. [5]. 

The resulting S' 34 ( 0 ) values for each data set are then 
again fitted together in order to obtain one combined 
value, again as in Ref. [5]. The result, based on Refs. 121 - 
ini HU uni present], is 0.561 ± O.Oldgtat keVb, with the 
uncertainty obtained by multiplying the raw uncertainty 
resulting from the fit with the inflation factor. This can 
be compared with the ’’Solar Fusion 11” result of S'(O) = 
(0.56 ± 0.02,tat ± 0.02,y,t) keVb B- 

In ” Solar Fusion 11”, the systematic uncertainty results 
from the extrapolation from the energies where many 
different experiments are available to the solar Gamow 
peak. For the purposes of BBN, instead of an extrapola¬ 
tion only an interpolation is needed (fig. [^. Therefore, 
this latter error bar can be omitted here. 

This result is lower than the previously evaluated value 
of 5 ' 34 ( 0 ) = 0.580±0.043 keVb [3S] that has been used in 
several BBN calculations [3l |36l |37j. When converting to 
the peak of the BBN sensitivity range, from the present 
work a value of S'34(226keV) = 0.485±0.012 keVb is 
found, very close to the previous 0.487±0.036 keVb [3S] 
but more precise. The increase in precision is due to three 
factors. First, the adoption of the ’’Solar Fusion II” ap¬ 
proach that gives prominence to the fact that Ss^^E) has 
been measured in a number of independent precision ex¬ 
periments, with mutually consistent results. Second, the 
addition of new data points, including the present one, 
since 2008. Third, the theory error used in ’’Solar Fusion 
11 ” is not applicable here, as no extrapolation is needed. 


VI. BBN REACTION RATE 

The S-factor curve resulting from the combined fit 
described in the previous section (Fig. has subse¬ 
quently been used to compute the thermonuclear re¬ 
action rate R 34 for its range of applicability, i.e. for 
0.001 < Tg < 1.0, which includes the relevant temper¬ 
ature range for BBN (sec. |T] and Fig. [^. 

For higher temperatures Tg > 1.0, the conclusions de¬ 
pend on the slope of the excitation function above 1 MeV. 
Different theoretical papers give different slopes for E > 
IMeV [211 |33l [34l |38j . However, this temperature range 
is irrelevant for BBN (sec.|T]) and thus excluded from con¬ 
sideration here. The tabulated reaction rate and an an¬ 
alytical fitting function can be found in the Appendix. 

The new rate was then used as input in the 
PArthENoPE BBN code [33] • Among publicly avail¬ 
able codes [Si HO], PArthENoPE incorporates the more 


Analytical fit, Eq. (A1) ■ 
Konlos el al (2013) - 
Cyburt et al. (2008) • 


0.90 I— 
0.01 


0.1 

To 


FIG. 2: Thermonuclear reaction rate for the ^He(a, 7 )^Be 
reaction, relative to the present rate, by Kontos et al. (black 
dashed curve, [T2]) and by Cyburt et al. (blue dot-dashed 
curve, [35]). The analytical fit function from Eq. ( |A.1| is also 
shown (red full curve). 


recent reaction rate data. For the present purposes, 
the physics input to PArthENoPE was updated for the 
following three parameters: ^He(Q!, 7 )^Be reaction rate 
(present work), baryonic density ^ and neutron lifetime 
B- See also sec. ^for the latter two parameters. 

The resulting BBN lithium abundance is 

^Li/H = 5.0 X 10"^° (12) 

By repeating the BBN calculation with the upper and 
lower limits given by the error on i? 34 , it is found that 
the present 2.5% error for R 34 contributes just 2.4% un¬ 
certainty to the error budget of ^Li/H. This value is 
to be compared with a previous contribution of 5.3% 
that can be estimated by using the previous R 34 error 
[35] and the previous correlation coefficient [3]. The to¬ 
tal uncertainty of ^Li/H has previously been estimated 
to be 8% [3. When subtracting the previous R 34 con¬ 
tribution in quadrature and adding the present, new 
i ?34 contribution, a new total relative uncertainty of 6 % 
can be estimated for ^Li/H, leading to a final value of 
^Li/H = (5.0 ±0.3) X 10“^°. However, this estimated to¬ 
tal uncertainty still needs to be borne out in a full BBN 
calculation re-analyzing in detail also the error budget 
contributions by parameters other than R 34 . 

The present ^Li/H value is well above the so-called 
Spite plateau of lithium abundances @] , and even further 
above the lithium values or limits found in extremely 
metal-poor stars [m e.g.]. The recent predicted lithium 
isotopic ratio [H] does not change outside the error bar 
with the present new ^Li/H result, it remains ®Li/^Li = 
(1.5±0.3)xl0-^ 

VII. SUMMARY AND OUTLOOK 

The astrophysical S-factor of the ^He(a, 7 )^Be reac¬ 
tion rate has been determined from the measured ^Be 
solar neutrino flux, using the standard solar model. The 
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new data point of S'g®^(231® keV) = 0.548±0.054 keVb 
was then used to re-evaluate the excitation function in 
the energy range relevant for Big Bang nucleosynthesis. 
A combined average of 5'34(0) = 0.561±0.014 keVb is 
found. 

Using the new excitation function, the ®He(a, 7 )^Be 
thermonuclear reaction rate was re-computed for the Big 
Bang energy range, and the fit coefficients for the new 
recommended rate are given. 

The present results are consistent with, but more pre¬ 
cise than previous evaluations. The precision of this solar 
neutrino based approach will increase even further once 
the puzzle given by the solar elemental abundances is 


solved. 
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Appendix: Tabulated values and parameterization of 
the reaction rate 

The reaction rate (Table 1^ is reproduced within 
±0.5% for 0.01 < Tg < 1.0 ^ig. by the following 


analytical function: 


^34 = PiTg 3 exp(p2'79 3)x (A.l) 

(1 ± PsTg + PiTg + P^Tg ± PqTq ) 

The fit parameters are given in Table |IV[ 


pi = 5.497 xlO® 

P2 = -1.281 xlO^ 

P3 = -2.335 xlO"^ 

Pi = 5.108 xlO"^ 

P5 = -1.672 xlO"® 

P6 = -4.724 xlO"'^ 

TABLE IV : Coefficients for the reaction rate fit in Eq. |A.1[ 


Tg Reaction rate Tg Reaction rate 
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TABLE V: ®He(a, 7 )^Be reaction rate in cm^s ^mole 



